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Nuclear signaling by Rac and Rho GTPases is required in the
establishment of epithelial planar polarity in the Drosophila eye
Manolis Fanto*†, Ursula Weber†, David I. Strutt‡ and Marek Mlodzik†
Background: The small GTPases Rac and Rho act as cellular switches in many
important biological processes. In the fruit fly Drosophila, RhoA participates in
the establishment of planar polarity, a process mediated by the receptor Frizzled
(Fz). Thus far, analysis of Rac in this process has not been possible because of
the absence of mutant Rac alleles. Here, we have investigated the role of Rac
and Rho in establishing the polarity of ommatidia in the Drosophila eye.
Results: By expressing a dominant negative or a constitutively activated form of
Rac1, we interfered specifically with Rac signaling and disrupted ommatidial
polarity. The resulting defects were similar to the loss/gain-of-function
phenotypes typical of tissue-polarity genes. Through genetic interaction and
rescue experiments involving a polarity-specific, loss-of-function dishevelled
(dsh) allele, we found that Rac1 acts downstream of Dsh in the Fz signaling
pathway, but upstream of, or in parallel to, RhoA. Rac signaled to the nucleus
through the Jun N-terminal kinase (JNK) cascade in this process. By generating
point mutations in the effector loop of RhoA, we found that RhoA also signals to
the nucleus during the establishment of ommatidial polarity. Nevertheless, Rac
and RhoA activated transcription of distinct target genes.
Conclusions: Rac is specifically required downstream of Dsh in the Fz
pathway. It functions upstream or in parallel to RhoA and both signal to the
nucleus, through distinct effectors, to establish planar polarity in the
Drosophila eye.
Background
In Drosophila, the Rho subfamily of small GTPases con-
sists of at least five proteins, RhoA (or Rho1), RhoL, Rac1,
Rac2 and Cdc42 [1–3]. Expression of constitutively acti-
vated and dominant-negative isoforms has suggested
important roles for Rac1 and Cdc42 in axonal outgrowth,
muscle development and embryonic dorsal closure [1,2,4].
Recently, the establishment of epithelial planar polarity
(EPP) in Drosophila has emerged as a good model system
to study the role(s) of Rho family GTPases, as both RhoA
and Rac1 have been implicated in the process [5,6].
In the Drosophila eye, EPP is manifest in the mirror-sym-
metric arrangement of ommatidia relative to the dorsoven-
tral midline, the equator. The photoreceptors within each
ommatidium are arranged in an asymmetric trapezoidal
shape, with the R7 photoreceptor pointing towards the
equator and R3 towards the polar side. In the wild type,
ommatidia of opposite chirality lie on either side of the
equator, which represents an axis of mirror symmetry (all
ommatidia adopt the same chiral form in a given half of
the eye; for reviews, see [7–9]).
The formation of this cellular pattern begins in the early
third instar imaginal disc, when the morphogenetic furrow
(MF) passes across the eye disc from posterior to anterior
[10–12]. Cells within the epithelium are unpatterned until
the furrow passes through. In and behind the MF, cells
begin to organize themselves into ommatidial preclus-
ters. When these initially emerge from the furrow, they
are arranged symmetrically in the anteroposterior (AP)
axis. Subsequently, they rotate first by 45° towards the
equator (in opposite directions in either half of the eye
disc). They maintain this angle for a few rows before rotat-
ing by a further 45°, and are thus 90° to the original AP
axis, establishing the equator as an axis of mirror symme-
try. At the end of rotation, the ommatidia lose their sym-
metry, with the R3 precursor displacing R4, establishing
chirality [7–9].
The tissue-polarity genes of Drosophila are required for
correct EPP establishment in all adult epidermal struc-
tures [13,14]. In the eye, mutations in tissue-polarity
genes, such as frizzled (fz) and dishevelled (dsh), result in
loss of mirror-image symmetry: ommatidial preclusters
rotate randomly and acquire random chirality. In some
cases, the R3/R4 cells do not realign themselves, giving
rise to non-chiral, symmetrical ommatidia [15,16]. The fz
gene encodes a seven-pass transmembrane protein with
some characteristics of G-protein-coupled receptors, and is
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required for reception and transmission of an EPP signal
[17,18]. Fz proteins have been identified as the receptors
for the Wnt family of growth factors [19–24]. The canoni-
cal Wnt signaling cascade is, however, not involved in
EPP generation [25,26]. Until recently, little was known
about the nature of the signaling pathway(s) involved in
establishing planar polarity, except that Dsh acts down-
stream of Fz [6,27]. Other genes required in the process,
such as nemo and roulette (rlt) specifically affect ommatidial
rotation, but not the establishment of chirality and direc-
tion of rotation [28]. The nemo mutant fails to complete
rotation of the clusters and remains arrested after the first
45°; in the rlt mutant, ommatidia rotate to random
degrees. Thus, nemo and rlt are considered effectors of the
rotation process, acting at later stages than the primary
polarity genes of the Fz pathway.
Members of the Rho subfamily have also been implicated
in the establishment of planar polarity. In the wing,
expression of Cdc42N17, a dominant-negative protein form
of Cdc42, affects cell shape in discs and actin polymeriza-
tion during wing hair formation. RacN17 in contrast dis-
rupts adherens junctions and the polarity of wing hairs
[5,29]. In Drosophila, RhoA mutants display EPP pheno-
types in eyes and wings [6]. Moreover, the gain-of-func-
tion phenotypes resulting from expression of fz or dsh
transgenes under the control of promoter/enhancer ele-
ments of the sevenless gene (sev–Fz and sev–Dsh, respec-
tively) are dominantly suppressed by a reduction in the
gene dosage of RhoA. This suggests that RhoA is part of
the ‘primary’ planar-polarity genes and that it acts down-
stream of Fz and Dsh. Finally, it has been shown that
sev–Dsh is dominantly suppressed by deficiencies that
remove Rac1 and Rac2, whereas removal of Dcdc42 does
not have an effect on sev–Dsh [26]. Here, we have investi-
gated the role of Rho subfamily members in the genera-
tion of planar polarity in the eye. Rac and RhoA were both
found to signal to the nucleus during this process and, like
Fz and Dsh, they also activated transcription of Delta.
Results
Loss-of-function and gain-of-function Rac1 isoforms
interfere with ommatidial polarization
The genetic suppression of sev–Dsh by deficiencies that
remove Drac1 and Drac2 suggests that Rac genes might be
involved in EPP signaling [26]. In contrast, DCdc42
mutants do not interact with sev–Fz or sev–Dsh [6,26]. Sim-
ilarly, a dominant-negative Drosophila Rac1 isoform, RacN17,
affects polarity of the wing hairs, whereas the equivalent
Cdc42 mutations affect actin polymerization but not wing-
hair polarity [29]. A simple loss-of-function analysis of the
Rac genes is hampered by the fact that specific mutant
alleles exist for neither DRac1 nor DRac2. This is possibly
due to their high degree of homology (> 95% identity) and
associated redundancy. They are both expressed uni-
formly throughout the imaginal discs [3].
To determine whether Rac is a component of EPP signal-
ing in the eye, we expressed RacN17 transiently in the
developing eye imaginal disc in R3/R4, the photoreceptor
precursor pair that is important for polarity establishment,
under the control of sev–GAL4 (see Materials and methods;
henceforth referred to as sev>RacN17). Interestingly,
sev>RacN17 eyes had planar-polarity defects (Figure 1a,b),
and this phenotype was further enhanced by Df(3L)emc5,
which removes the Rac1 gene (Figure 2b,d–f), indicating
that Rac activity is specifically involved in EPP establish-
ment. Although it was mostly ommatidial rotation that was
randomized in sev>RacN17 eyes, and ommatidia that adopted
incorrect chiral forms were rare, the enhancement of the
sev>RacN17 phenotype by the Rac1 deficiency (as well as by
RhoA loss-of-function alleles, see below) increased the
number of symmetrical, achiral ommatidia (Figure 2f; see
also Discussion). This phenotype resembled that of fz and
dsh mutants [15,16], rather than that of nemo and rlt [28],
suggesting a function for Rac in the Fz pathway.
To test whether a gain-of-function mutation in Rac1 could
also generate a polarity phenotype, we expressed a consti-
tutively active form of Drac1 under the control of sev pro-
moter/enhancer sequences (sev–RacV12; see Materials and
methods). The sev–RacV12 transgene resulted in the mis-
orientation of many ommatidia (Figure 1c), with some also
displaying defects in chirality, such as the adoption of the
wrong chiral form or remaining symmetrical. Interestingly,
the symmetrical clusters were always of the R3/R3 type
(Figure 1c), which is reminiscent of the sev–Fz gain-of-
function phenotype. The sev–RacV12 transgene also inter-
feres with photoreceptor recruitment or differentiation.
Expression of wild-type Rac1 (under the control of sev
control elements) did not produce any defects, indicating
that the phenotypes described are caused by dominant-
active Rac1 and constitutively active Rac1V12, and not due
to a non-specific consequence of overexpressing any form
of the GTPase.
To establish whether the polarity defects observed with
sev>RacN17 and sev–RacV12 arise early in development and
are thus primary, direct defects, we used the seven-up (svp)
enhancer detector line, svp07482, with nuclear β-galactosi-
dase expression early in R3/R4 precursors and later (at
lower levels) also in R1/R6. This expression pattern
reveals the ordered polarity of ommatidial preclusters from
its earliest appearance ([30,31] and Figure 1d). In sev>RacN17
and sev–RacV12 eye discs, ommatidial polarity was affected
early in development (Figure 1e,f): the R3/R4 pairs were
often incorrectly oriented with respect to their neighbors
and position in the eye disc, either having not started to
rotate or having rotated in the opposite direction. This
suggested that the polarity phenotype caused by
sev>RacN17 and sev–RacV12 is a primary defect. Taken
together, these experiments indicate a requirement for
Rac1 in EPP signaling.
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Dsh lies upstream of Rac1 in planar-polarity signaling
Dsh acts cell autonomously, downstream of Fz in the EPP
signaling cascade. Genetic experiments have placed RhoA
downstream of Dsh [6], and similarly sev–Dsh is dominantly
suppressed by deficiencies that remove Rac1 (Df(3L)emc5)
and Rac2 (Df(3L)pblx1) [26]. This suggests that the
Drosophila Rac proteins might also act downstream of Dsh.
To further address this issue, we determined whether Rac1
was able to rescue a hypomorphic allele of dsh, dsh1. The
eye-polarity phenotype of dsh1 can be rescued by sev-driven
expression of Dsh itself, by a weakly expressed constitu-
tively activated RhoA or by any other component of the
polarity pathway acting downstream of Dsh, that is,
Hemipterous (Hep), Basket (Bsk) and Jun. In contrast, mol-
ecules upstream of Dsh, such as Fz, are not able to do so
[26]. We tested whether dsh1 could be rescued by overex-
pressing wild-type Rac1 (sev–Rac), which does not display a
dominant phenotype. The presence of sev–Rac significantly
rescued the dsh1 eye phenotype, increasing the percentage
of correctly polarized ommatidia (Figure 3). This result,
taken together with the finding that whereas deficiencies
removing the Rac genes suppress sev-Dsh [26], sev-RacV12 is
unaffected by removing one copy of dsh (Table 1), supports
the hypothesis that Rac functions downstream of dsh.
RhoA acts downstream or in parallel to Rac1
We further determined whether Rac and RhoA act in a
hierarchy in the EPP signaling context. To investigate
their relationship to one another in this process, we ana-
lyzed their genetic interactions and found that RhoA domi-
nantly interacts with both sev>RacN17 and sev–RacV12. In
particular, reducing the gene dosage of RhoA significantly
enhanced sev>RacN17 (Figure 2c,g), and complementarily
suppressed sev–RacV12 (Figure 4a,b). The significant
increase of the number of achiral ommatidia in sev>RacN17;
RhoA–/+ flies suggests that the two GTPases co-operate in
this context. Moreover, overexpression of wild-type RhoA
(sev–RhoA) rescued the sev>RacN17 phenotype (Figure 2d,h),
suggesting that RhoA acts downstream of Rac in this
process. We did not see the opposite interactions (that is, a
modification of a RhoA gain-of-function phenotype by
reducing the dosage of Rac using deficiencies covering
Rac1 and Rac2). This analysis was, however, limited
because of the absence of clean loss-of-function alleles of
Rac1 or Rac2. Nevertheless, these data are in agreement
with the hypothesis that RhoA functions downstream or in
parallel to Rac1.
Mutations in the JNK pathway suppress the sev-RacV12
phenotype
Mutations in the JNK MAP kinase module can suppress
the gain-of-function sev–Fz and sev–Dsh phenotypes
[6,26,32], suggesting that JNK signaling is involved in
transmitting Fz signals. In mammalian cell culture assays,
Rac (and Cdc42) can activate JNK [33,34]. To test whether
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Figure 1
Dominant-negative and activated Rac1 isoforms cause planar-polarity
defects in the eye. In all figures, anterior is to the left and dorsal is
uppermost. (a–c) Tangential sections through the equatorial region of
adult eyes (upper panels) and schematic representation of ommatidial
polarity (lower panels) of (a) wild-type, (b) sev>RacN17 and
(c) sev–RacV12 flies. Correctly oriented ommatidia are indicated by
black arrows with a flag (indicating chirality), misrotated ommatidia by
red arrows with a flag, and symmetric, achiral ommatidia of the R3/R3
type by green arrows; ommatidia with an incorrect complement of
photoreceptors are shown as black circles. The same key is used for
all schematic representations in the subsequent figures. (d–f) Nuclear
β-galactosidase expression from the svp enhancer detector line,
svp07482, in third instar larval eye imaginal discs of (d) wild-type,
(e) sev>RacN17 and (f) sev–RacV12 flies. Expression of svp–lacZ is
detected early in R3/R4 precursors and later (at lower levels) also in
R1/R6. Parts of the dorsal half of the imaginal discs are shown. Upper
panels show overlay of β-galactosidase (red) and Elav (green; marks all
photoreceptors); lower panels show the red channel (svp–lacZ ) only.
The white and yellow arrows (inserted between the R3/R4 precursors)
mark examples of clusters with correct or abnormal orientation,
respectively. Note that wild-type clusters first rotate through 30°, then
45°, at which stage the clusters pause. The precursor cells of R3/R4
are numbered in examples.
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(a) (b) (c)
(d) (e) (f)
Wild type sev>RacN17 sev–RacV12
Rac is upstream of JNK signaling in polarity generation,
we analyzed the sensitivity of sev–RacV12 to a reduction in
gene dosage of components of this cascade. All basket
(bsk/JNK), hemipterous (hep/JNKK), and D-jun (a target of
JNK) alleles tested strongly suppressed sev–RacV12
(Figure 4), suggesting that they are required downstream
of Rac in this process (see Table 1 for quantification).
In contrast, upstream components, such as fz and dsh, did
not display an interaction. This was also the case for com-
ponents of Wingless (Wg) signaling, confirming that the
Wg and EPP pathways are distinct. Moreover, reducing
the dosage of MAP kinase signaling components of the
Ras or extracellular signal-regulated kinase (ERK) type
(for example, mutations in Ras1, rl, raf, and pnt; Table 1)
did not affect sev–RacV12, suggesting that the JNK cascade
is specifically involved downstream of Rac.
We also tested other genes involved in the establishment
of ommatidial polarity. Whereas roulette [28] and strabismus
[35] suppressed sev–RacV12, nemo [28] and prickle-spiny legs
[36] did not display any significant interaction (Table 1).
The role of these genes and their relationship to Fz signal-
ing is not clear, however (reviewed in [8,9]).
Constitutively activated RhoA leads to polarity defects and
loss of photoreceptors
Clones of strong hypomorphic loss of function RhoA alleles
display a tissue polarity phenotype similar to that of fz and
dsh. RhoA is also required, however, for general cell sur-
vival as clones of null alleles cannot be recovered in imagi-
nal disc tissues [6]. To investigate the effect of activated
RhoA, and to compare its phenotype with that of the Rac1
gain-of-function mutation, we generated flies expressing
RhoAV14 under the control of sev promoter and enhancer
elements (sev–RhoV14), and analyzed its effects in imaginal
discs and adult eyes. Weak sev–RhoV14 expression led to
photoreceptor loss but not significant polarity defects
(Figure 5b). When the transgene was expressed at higher
levels (for example, in flies homozygous for the insertion;
Figure 5c), polarity defects became apparent. Analysis in
imaginal discs using the svp enhancer trap line revealed
982 Current Biology Vol 10 No 16
Figure 2
The effects of sev>RacN17 are enhanced by
Rac deficiencies and RhoA mutations.
(a–d) Scanning electron micrographs of eyes
of (a) wild-type, (b) sev>RacN17,
(c) sev>RacN17/+; RhoAP2/+ (indicated as
RhoA–/+; sev>RacN17 in the figure) and
(d) sev>RacN17/>Rhowt flies. (e–h) Tangential
sections through the dorsal half of the eye
(upper panels) and their schematic
representation (lower panels) from
(e) sev>RacN17/+, (f) sev>RacN17/+;
Df(3L)emc5 (Rac1–)/+, (g) sev>RacN17/+;
RhoAP2/+ and (h) sev>RacN17/>Rhowt flies.
Arrows are drawn as in Figure 1; symmetrical
R3/R3 or R4/R4 type ommatidia are indicated
by green and blue arrows, respectively.
Quantification of the interactions was derived
from 4–6 eyes (n = 450–700); the
percentage of correctly polarized ommatidia
(± SD) was: 65.1 ± 2.0 for sev>RacN17/+,
42.6 ± 2.1 for sev>RacN17/+; Df(3L)emc5
(Rac1–)/+, 49.0 ± 3.1 for sev>RacN17/+;
RhoAP2/+, and 92.1 ± 3.4 for
sev>RacN17/>Rhowt. All interactions were
highly significant (p < 0.001 in the Student’s
t-test). The number of achiral ommatidia was
quantified in three eyes of each genotype
(corresponding to 320–370 ommatidia in
total): we found 0 in sev>RacN17/+, 14 in
sev>RacN17/+; Df(3L)emc5 (Rac1–)/+ and
12 in sev>RacN17/+; RhoAP2/+.
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(a) (b) (c) (d)
(e) (f) (g) (h)
Wild type sev>RacN17
sev>RacN17 sev>RacN17
Df(rac1)–/+
RhoA–/+;sev>RacN17
RhoA–/+;sev>RacN17
sev>RacN17
>RhoAwt
sev>RacN17
>RhoAwt
that misoriented clusters were present from the earliest
detectable stage and, thus, are primary defects (Figure 5a).
These data are consistent with the analysis of loss-of-func-
tion RhoA mutants [6]. Strikingly, activated Rac1 affected
polarity more specifically than the equivalent isoform of
RhoA, arguing for specific and distinct roles of these
GTPases in EPP establishment.
Nuclear RhoA signaling is necessary to transmit polarity
information in the eye
Random mutagenesis of activated mammalian RhoV14 has
led to the identification of mutations in the effector loop
(a portion of the GTPase responsible for interaction with
several effectors) that block either its action on cytoskele-
tal dynamics or on transcriptional activation of SRF [37].
The F39V mutation impedes the formation of actin stress
fibers but does not interfere with the activation of SRF-
mediated transcription, separating the two effects of
RhoV14. The mutation E40L interferes with both SRF
activation and the formation of stress fibers [37].
We recapitulated the relevant mutations in the activated
Drosophila RhoV14 protein (Figure 5g) and expressed them
under the control of sev–GAL4 in the eye disc (sev>RhoV14
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Table 1
Quantification of the genetic interactions with sev–RacV12.
Genotype Ommatidia with abnormal polarity
sev–RacV12 (% ± SD)
w1118 (+/+, control) 30.0 ± 2.7
fz1/+ 25.9 ± 2.8
dshV26/+ 35.3 ± 2.1
RhoAP2/+ 17.7 ± 3.5*
RhoA72R/+ 14.1 ± 5.4*
Cdc423/+ 30.1 ± 2.0
Df(3L)emc5 (Rac1–)/+ 13.4 ± 1.7*
hep1/+ 11.0 ± 1.7*
hepr75/+ 12.3 ± 3.4*
bsk1/+ 12.7 ± 4.3*
bsk2/+ 16.6 ± 4.3*
Djun1/+ 17.5 ± 4.2*
Djun2/+ 16.1 ± 2.8*
Djun3/+ 13.7 ± 2.6*
Df(2R)E73 (Djun–)/+ 12.9 ± 3.9*
pntD88/+ 24.2 ± 1.4
yan1/+ 26.4 ± 5.6
stbmX/+ 13.9 ± 1.6*
pk–sple9/+ 19.3 ± 6.7
nmoE33/+ 21.2 ± 2.4
rlt1/+ 10.2 ± 2.7*
Ras1e2F/+ 28.3 ± 2.3
rafEA75/+ 26.5 ± 1.1
rl698/+ 27.8 ± 1.4
wgCX4/+ 26.2 ± 3.4
armXM19/+ 29.1 ± 1.6
pan13/+ 27.5 ± 2.0
The percentage of ommatidia with abnormal polarity (± SD) for the
genotypes heterozygous for the indicated alleles and containing one
copy of the sev–RacV12 transgene are shown. For each interaction,
300–600 ommatidia were scored in at least 3–6 independent eyes.
For the control (w1118), more than 1000 ommatidia were scored.
The asterisks indicate significant suppressions ( p > 0.001 in the
Student’s t-test).
Figure 3
Overexpression of Rac partially rescues a planar-polarity-specific dsh
allele. Tangential sections and schematic drawings of (a) dsh1/Y and
(b) dsh1/Y; sev–RacWT/+ eyes. Arrows are as in Figures 1 and 2.
Green arrows with a flag represent ommatidia that have adopted the
wrong (ventral) chirality. Quantification of the interactions
(n = 452–844 from 4–8 eyes) demonstrated a highly significant
rescue (p < 0.001 in the Student’s t-test): 44.5 ± 5.2 for dsh1/Y and
68.8 ± 4.5 for dsh1/Y; sev–Rac/+.
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(a) (b)
dsh1/Y dsh1/Y;sev–Rac/+
F39V and sev>RhoV14 E40L). The sev>RhoV14 F39V flies dis-
played a phenotype that was indistinguishable from that of
sev–RhoV14 alone, with loss of photoreceptors and misorien-
tation of otherwise wild-type clusters. This was evident
even when the transgene was expressed at lower levels
(Figure 5d). Increasing the expression levels of sev>RhoV14
F39V (two copies) led to an enhancement of both the polar-
ity and the photoreceptor recruitment phenotypes (data not
shown). In contrast, sev>RhoV14 E40L flies never displayed
polarity defects, both when the transgene was expressed at
low (Figure 5e) and at very high levels (Figure 5f). Never-
theless, this mutant maintained the ability of sev>RhoV14 to
cause photoreceptor loss (Figure 5f): although a large
number of ommatidia had lost several photoreceptors, all
the remaining ommatidia with wild-type complement had
the correct polarity. This indicated that removing the func-
tion required for nuclear signaling (equivalent to SRF acti-
vation in cell culture) eliminated the ability of sev>RhoV14 to
induce polarity defects, suggesting that nuclear signaling by
RhoA is critical for ommatidial polarity determination.
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Figure 4
A Rac planar-polarity gain-of-function
phenotype is dominantly suppressed by
mutations in RhoA and JNK components.
Tangential eye sections (upper panels) and
their schematic representations (lower panels)
are shown for (a) sev–RacV12/+,
(b) sev–RacV12/+; RhoAP2/+,
(c) sev–RacV12/+; hepr75/+, (d) sev–RacV12/+;
bsk2/+ and (e) sev–RacV12/+; Djun1/+ flies.
Arrows are as in Figures 1, 2 and 3. Several
alleles of bsk, hep and jun gave similar results.
Quantification of these and other interactions
with sev–RacV12 is shown in Table 1. The
sev–RacV12/+ transgene also affected
photoreceptor recruitment or differentiation. In
the line shown in this figure, which was used
for all the interactions, 20% of ommatidia
either missed at least one photoreceptor or
contained additional photoreceptors. This was
increased in homozygous flies or in lines
expressing the transgene at higher levels.  Current Biology
(a) (b) (c) (d) (e)
sev–RacV12/+ sev–RacV12/+
RhoA–/+
sev–RacV12/+
hepr75/+
sev–RacV12/+
bsk2/+
sev–RacV12/+
Djun1/+
Figure 5
Nuclear signaling by RhoA affects planar-
polarity generation in the eye. (a) Expression
of β-galactosidase under the control of
svp07482 in eye imaginal discs of
sev–RhoV14/sev–RhoV14 third instar larvae.
Expression of β-galactosidase and its
detection was as in Figure 1. The turquoise
and red arrows indicate examples of correctly
and abnormally oriented clusters, respectively.
Part of the dorsal half of the eye disc is shown.
(b–f) Tangential eye sections (upper panels)
with corresponding schematic drawings
(lower panels) from (b) sev–RhoV14/+,
(c) sev–RhoV14/sev–RhoV14, (d) sev>RhoV14
F39V/+, (e) sev>RhoV14 E40L/+ (weak line)
and (f) sev>RhoV14 E40L/+ (strong line). The
polarity versus the photoreceptor recruitment
defects were quantified as the ratio between
the number of ommatidia adopting an
incorrect polarity and those having an
abnormal complement of photoreceptors
(Pol/PR). The ratios were:
sev–RhoV14/sev–RhoV14, 0.310 (n = 321);
sev>RhoV14 F39V/+, 0.5 (n = 303);
sev>RhoV14 E40L/+ (weak line), 0.027
(n = 432) and sev>RhoV14[E40L]/+ (strong
line), 0.031 (n = 1179); n is the total number
of ommatidia scored. (g) Sequence of amino
acids 30–50 (in the single-letter amino-acid
code) of D. melanogaster RhoA (DmRhoA),
showing the point mutations generated in the
RhoA effector loop. The residues introduced
in the activated RhoAV14 isoform are shown
in red.
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(a) (b) (c) (d) (e) (f)
(g)
sev>RhoAV14[F39V] sev>RhoAV14[E40L]
(weak)
2xsev–RhoAV14
2x sev–RhoAV14
sev–RhoAV14 sev>RhoAV14[E40L]
(strong)
Upregulation of puckered and Delta transcription by Rac
and Rho
To better characterize nuclear signaling by Rac and RhoA,
we analyzed the expression of puckered (puc) and Delta
(Dl). Dl is the only known transcriptional target of Fz sig-
naling in R3, and puc–lacZ expression serves as a measure
of JNK activity in vivo.
The puc gene is a transcriptional target of JNK signaling in
Drosophila, and encodes a dual specificity protein phos-
phatase that acts as a negative regulator of JNK itself in a
feedback loop [38,39]. In the wild type, very weak β-galac-
tosidase expression from the puc enhancer trap line is
detectable in all photoreceptor precursors (Figure 6a).
Expression of sev–RacV12 led to strong upregulation of
puc–lacZ in one or, more frequently, two cells of the
cluster, which could be identified as R3/R4 precursor
cells, consistent with the expression pattern of sev>RacV12
(Figure 6c). These data resemble the upregulation of
puc–lacZ when the JNK pathway has been activated in the
same cells [40].
In contrast, RhoV14 affected puc–LacZ expression differ-
ently. Although in sev>RhoV14 eye discs puc–lacZ expres-
sion was upregulated in some cells at a later stage
(Figure 6e), these were not identifiable as the R3/R4 pair,
but were often found in the position of the R2/R5/R8 pre-
cursors (where sev is not expressed). This suggests that the
effect seen is not a direct consequence of Rho activation,
but more likely a secondary effect (RhoAV14 E40L failed
to induce significant puc–lacZ expression, Figure 6g).
Thus, the direct transcriptional activation of puc–LacZ in
R3/R4 correlates with the genetic interactions with the
JNK module, suggesting a difference in the action of Rac
and RhoA (see Discussion). 
An important aspect of R3/R4 cell fate and ommatidial
polarity determination is the upregulation of Dl expres-
sion in the R3 precursor by Fz [41,42]. Dl then signals to
Notch on the R4 precursor, resulting in the choice of the
R4 cell fate. In addition to Fz, other components of the
Fz/planar-polarity pathway have also been found to
upregulate Dl transcription [40]. Thus, we have investi-
gated whether Rac and RhoA also regulate Dl transcrip-
tion by monitoring Dl–lacZ expression in sev>RacV12 and
sev>RhoV14 eye discs. 
In the wild type, Dl is expressed dynamically in photore-
ceptor precursors behind the furrow. Within the R3/R4
pair, it is expressed in R3 from rows 4 to 8, whereas it
remains at lower levels in R4 (Figure 6b) [43]. In contrast to
the difference in puc expression, both sev>RacV12 and
sev>RhoV14 upregulated Dl–lacZ expression in both R3/R4
precursors (Figure 6d,f). The RhoAV14 E40L isoform that is
impaired in nuclear signaling did not affect Dl expression
(Figure 6h), confirming the importance of nuclear signaling
by RhoA. These effects are very similar to those of sev–Fz
[42], supporting the idea that Rac and RhoA act down-
stream of Fz in the regulation of the R3/R4 cell fate. Their
different effects on puc–lacZ indicate that their downstream
effectors in nuclear signaling are distinct (see Discussion).
Discussion
The finding that RhoA acts downstream of Fz [6] raised
questions about the role of other members of the Rho
GTPase subfamily. Are these also involved in Fz signal-
ing, and do they act in parallel to RhoA or in a hierarchy,
as has been suggested in other systems [2]? Do they exert
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Figure 6
RacV12 and RhoAV14 upregulate puc–lacZ and Dl–lacZ transcription in
the eye disc. Eye imaginal discs of (a,b) wild-type, (c,d) sev>RacV12/+,
(e,f) sev>RhoV14/+ and (g,h) sev>RhoV14 E40L/+ third instar larvae,
heterozygous for (a,c,e,g) puc–lacZ or (b,d,f,h) Dl–lacZ are shown.
Both reporter lines express a nuclear form of β-galactosidase. In each
panel, the left side shows the overlay of β-galactosidase (red) and Elav
(green; marks all photoreceptors); the right side shows the red channel
(puc–lacZ or Dl–lacZ ) only. Note that β-galactosidase was detected in
both cells of the R3/R4 pair in (c) sev>RacV12, puc–lacZ and
(d) sev>RacV12, Dl–lacZ. Strong upregulation appears as yellow in the
overlay (left panels; examples highlighted with arrows). (e) The
sev>RhoV14 transgene upregulated puc–lacZ (albeit to weaker levels)
in R2/R5 and R8. (f) In contrast, sev>RhoV14 upregulated Dl–lacZ in
the R3/R4 cells to the same level as did sev>RacV12. (g,h) No
upregulation of either reporter was detected in sev>RhoV14 E40L
discs. The precursor cells of R3/R4, R2/R5 and R8 are numbered in
examples in (c–f). Examples of R3/R4 cells expressing higher levels of
the reporter genes are highlighted with arrows; arrowheads mark R4
cells with lower expression.
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these effects through the cytoskeleton or is their signaling
to the nucleus important for polarity establishment?
We have addressed the role of the Rac proteins in this
process, using dominant-negative and activated forms of
Rac1. No mutants are available in either Rac locus, possi-
bly because of their high degree of similarity and potential
redundancy: Rac1 and Rac2 are not only very similar but
are also expressed in the same pattern [1–3]. It has been
suggested that both could be involved in polarity signal-
ing, as chromosomal deficiencies uncovering either Rac1
or Rac2 dominantly suppress sev–Dsh [26]. Thus, although
we used Rac1 mutant isoforms, Rac2 could have a similar
function and could also be affected by the expression of a
dominant Rac1 mutant.
Rac is specifically required in planar-polarity signaling
We have shown that Rac is involved in Fz signaling, acting
downstream of Dsh (see below). Expression of both domi-
nant-negative Rac1 and activated RacV12 mutants random-
ized ommatidial orientation. The similarity between the
loss-of-function and gain-of-function phenotypes is a char-
acteristic of all tissue-polarity genes, implying that the dif-
ference between the R3/R4 cells is more important than
the actual level of signaling [6,26,42,44]. 
Using dominant-negative and activated forms of Rac, it
was important to determine whether these specifically
affected Rac or were generating a polarity phenotype by
interfering with RhoA or other related GTPases. A spe-
cific role for Rac was supported by the enhancement of
RacN17 by the Rac1 deficiency, and also by the specific
interactions of the Rac deficiencies with sev–Dsh [26].
Moreover, our comparison of the sev–RacV12 and the
sev–RhoV14 phenotypes indicates that Rac and RhoA serve
distinct specific roles in polarity signaling.
Role of Rac in Fz signaling
Several genetic experiments suggest that Rac acts down-
stream of Fz and Dsh in polarity signaling. Whereas Rac
deficiencies dominantly suppress the sev–Dsh phenotype
[26], taking away a copy of fz or dsh did not modify
sev–RacV12. Moreover, sev–RacWT partially rescued the dsh1
loss-of-function allele. These data support a model in
which Rac acts downstream of Fz and Dsh (Figure 7).
Nevertheless, the observed phenotypes of dominant-neg-
ative Rac and RacV12 are a little different from those of fz
and dsh: because only few ommatidia have adopted the
wrong chirality or have remained symmetrical [6,42]. A
single-cell-resolution clonal analysis of sev–RacV12, like the
one reported for sev–Fz [42,44], to establish whether RacV12
generates the phenotype by acting within the R3/R4 pair,
did not reveal a clear bias within these two cells (data not
shown). Although this might suggest that the R3/R4 cell-
fate decision are only partially affected by Rac, a likely
alternative explanation could be the difference in
expression levels of the respective transgenes. Overex-
pression of RacV12 at higher levels causes very pleiotropic,
often lethal phenotypes, impeding a more detailed analy-
sis. However, the symmetrical clusters found in sev–RacV12
were of the R3/R3 type and sev>RacV12 upregulated
Dl–lacZ in the same way as sev–Fz, supporting a role for
Rac in R3 specification and chirality determination.
We have observed that dominant-negative Rac, which
impairs the Fz signaling pathway, is also able—when
enhanced by Df(3L)emc5 or RhoA mutants—to generate
R3/R3 symmetrical ommatidia (in addition to the R4/R4
type) and is phenotypically similar to fz– and dsh– mutant
backgrounds, where both R3/R3 and R4/R4 symmetrical
ommatidia are found [6,16,27]. This suggests that, in the
absence of Fz signaling, the generation of ommatidial chi-
rality and R3/R4 specification relies on a stochastic activa-
tion (or inactivation) of Notch [41,42,44]. In contrast,
hyperactivation of Fz signaling (for example, in sev–Fz),
consistently pushes both cells to the R3 fate, generating
predominantly R3/R3 symmetrical ommatidia [42,44]. 
Relationship between Rac and Rho and importance of their
signaling to the nucleus 
How do Rac and Rho relate to each other? RhoA muta-
tions suppressed sev–RacV12 and enhanced sev>RacN17. In
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Figure 7
A model showing where Rac acts in the planar-polarity pathway
during eye development. See text for details. The question marks
indicate uncertainties of information flow and unknown components of
the pathway.
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addition, the expression of wild-type RhoA (partially)
rescued the sev>RacN17 phenotype. These data support
two models. Firstly, RhoA could be acting downstream of
Rac (Figure 7). Alternatively, RhoA could be activated
independently of Rac by upstream molecules (like Dsh)
but then, acting in parallel, would influence (and be influ-
enced by) Rac. We favor the first scenario because of the
absence of genetic interactions between the Rac deficien-
cies and activated RhoA.
We determined whether their effects were due to their
action on the cytoskeleton. An indication that Rac signal-
ing to the nucleus is important were its specific genetic
interactions with the JNK pathway components hep, bsk
and jun. This is consistent with cell culture experiments,
in which Rac activates JNK, and with the observation that
JNK components suppress sev–Fz and sev–Dsh [6,26,32].
Nevertheless, the role of JNK signaling in the establish-
ment of ommatidial polarity is still unclear, as analysis of
loss-of-function alleles of hep and bsk has not detected
polarity defects [26,32,40].
To gain an insight into the importance of nuclear signaling
by RhoA, we introduced specific mutations in its effector
loop, which separate its action on the cytoskeleton from
the ability to signal to the nucleus [37]. Strikingly,
sev>RhoV14 F39V was indistinguishable from sev–RhoV14 in
its effects on polarity, whereas sev>RhoV14 E40L was signif-
icantly different (not affecting planar polarity), implying
that nuclear signaling is important in this context. 
To investigate the role of Rac and RhoA further, we deter-
mined whether their activated forms could upregulate the
expression of puc, a transcriptional target of JNK, and Dl,
the only known Fz target. Both GTPases, like sev–Fz,
caused an upregulation of Dl, supporting the idea that Fz-
mediated nuclear signaling is relayed by these GTPases.
In contrast, monitoring the level of expression of puc in
the eye disc revealed a difference between Rac and RhoA.
Whereas upregulation of puc by sev–RacV12 in R3/R4 is
consistent with the genetic interactions, the weaker puc
activation by sev–RhoV14 in R2/R5 and R8 suggests that
this is a secondary effect. This difference suggests that
nuclear signaling by Rac and RhoA is mediated by distinct
downstream effectors, possibly JNK for Rac and yet
unknown components for RhoA (Figure 7). 
Nevertheless, these observations do not rule out the pos-
sibility that the same GTPases are also required to modify
the cytoskeleton of the photoreceptor precursors. It is
likely that a dynamic developmental system, requiring
cells to move and rotate in a co-ordinated fashion, is
achieved through modifications of the cytoskeleton,
which can be induced by these small GTPases at the
same time as Fz-induced nuclear signaling (as well as at
later stages).
The presence of multiple Rac proteins, and their closely
related Rho family members RhoA and Cdc42, in
Drosophila makes an analysis of the specific requirements
of each single GTPase difficult in loss-of-function studies.
Moreover, their pleiotropic requirements in many
processes further hampers a detailed analysis in specific
contexts. Thus, the approach used here provides an
insight into their roles in the context of Dsh-mediated
planar-polarity signaling. Further experiments will be nec-
essary to refine their detailed roles and identify their spe-
cific effectors in this context.
Conclusions
We have provided evidence that Rac acts downstream of
Dsh in the Fz-mediated planar-polarity pathway (Figure 7).
Rac appears to function upstream or in parallel to RhoA in
this process. Both Rac and RhoA signal to the nucleus, pos-
sibly through distinct effectors, to regulate Dl expression in
R3 and planar-polarity determination in the Drosophila eye. 
Supplementary material
Supplementary material including full methodological details is avail-
able at http://current-biology.com/supmat/supmatin.htm.
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Supplementary materials and methods
Histology and immunofluorescence
Antibody staining of eye imaginal discs and sections of adult retinae
were performed as described [S1]. Antibodies used were: rabbit anti-
β-galactosidase (Sigma, 1/2000 dilution), rat monoclonal anti-Elav
(1/50 dilution), and rat anti-Spalt (kindly provided by R. Barrio, at 1/50).
Secondary antibodies conjugated with FITC or RITC were from Jackson
Labs. Secondary antibodies conjugated with horseradish peroxidase
(HRP) were from Biorad. Following antibody stainings, eye imaginal
discs were mounted in Mowiol and viewed with Zeiss Axiophot or Leica
confocal microscopes. For scanning electron microscopy, heads were
prepared by critical point drying and coated with 2 nm gold.
Fly strains and genetic interactions
The UAS–RacN17 and the UAS–RacV12 flies were kindly provided by
L. Luo [S2]. The sev>RacN17 and sev>RacV12 strains are recombinants
with a sev–Gal4 driver (gift of K. Basler). The sev–RacV12 and sev–Rac
strains were generated by cloning the respective cDNAs into the
pSevE vector, which carries three copies of the sev enhancer and the
sev promoter (provided by M.Fortini) [S3]. Germ-line transformation
was performed by standard procedures [S4]. 
Constructs for expression of RhoV14, RhoV14 F39V and RhoV14 E40L
were generated by PCR-mediated in vitro mutagenesis and cloned into
the pUAST vector [S5] to generate UAS–RhoV14, UAS–RhoV14 F39V
and UAS–RhoV14 E40L fly stocks. UAS–Rhowt served as control stock;
sev>RhoV14, sev>RhoV14 F39V and sev>RhoV14 E40L are recombi-
nants with sev–GAL4, as is sev>RacN17. All genetic interactions were
carried out at 25°C, except in the case of the interactions with
sev>RacN17, which were performed at 18°C. 
The following mutant lines, described in Flybase, were used: fz1, dshV26,
dsh1, RhoAP2, RhoA72R, Cdc423, Df(3L)emc5, hep1, hepr75, bsk1,
bsk2, Djun1, Djun2, Djun3, Df(2R)E73, pntD88, yan1, pk-sple9, nmoE33,
rlt1, Ras1e2F, rafEA75, rl698, wgCX4, armXM19, and pan13. The stbmX allele
was identified as a spontaneous mutation in our lab (N. Paricio, unpub-
lished data). The svp enhancer detector line, svp07482, the puc–lacZ
and Dl–lacZ reporter lines were as described [S6,S7,S8].
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